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Aims

Methods
and results

Results from clinical trials suggest that cardiac function after acute myocardial infarction (AMI) can be enhanced by an
intracoronary infusion of autologous unselected nucleated bone marrow cells (BMCs). Release of paracrine factors
has been proposed as a mechanism for these therapeutic effects; however, this hypothesis has not been tested in
humans.

BMCs and peripheral blood leucocytes (PBLs) were obtained from 15 patients with AMI and cultured in serum-free
medium to obtain conditioned supernatants (SN). BMC-SN stimulated human coronary artery endothelial cell pro-
liferation, migration, and tube formation, and induced cell sprouting in a mouse aortic ring assay. Moreover, BMC-SN
protected rat cardiomyocytes from cell death induced by simulated ischaemia or ischaemia followed by reperfusion.
While PBL-SN promoted similar effects on endothelial cells and cardiomyocytes, BMC-SN and PBL-SN in combi-
nation promoted synergistic effects. As shown by ProteinChip and GeneChip array analyses (each performed in
triplicate), BMCs and PBLs expressed distinct patterns of pro-angiogenic and cytoprotective secreted factors.

Conclusion Our data support the paracrine hypothesis and suggest that characterization of the BMC secretome may lead to an
identification of factors with therapeutic potential after AMI.

Keywords Acute myocardial infarction e Cell therapy e Paracrine hypothesis

Introduction While these studies have already triggered additional clinical

trials that are currently assessing procedural issues of cell

Rapid reperfusion of the infarct-related artery is of critical import-
ance to limit infarct size in patients with acute myocardial infarction
(Al"ll).1 Unfortunately, myocardial necrosis starts early after coron-
ary occlusion, usually before reperfusion can be achieved. The
resulting loss of viable myocardium initiates an inflammatory
process that leads to a replacement of the infarcted area with
scar tissue, and sets the stage for systolic dysfunction and pro-
gressive ventricular remodelling in many patients.2 Results from
randomized-controlled clinical trials suggest that the recovery of
left ventricular systolic function in patients after AMI can be
enhanced by an infusion of autologous unselected nucleated bone
marrow cells (BMCs) into the reperfused coronary artery.> >

therapy (e.g. cell dosage and timing of cell transfer),®’ little is
known about the mechanisms of how unselected BMCs may
improve systolic function after AMI. Differentiation of haemato-
poietic stem cells and endothelial precursor cells into cardiomyo-
cytes and endothelial cells has been offered as an explanation,®’
but the quantitative importance of cell incorporation has been
challenged.mf13 Animal studies employing specific stem and pro-
genitor cell populations suggest that paracrine signalling may be
an additional or alternative mechanism for the therapeutic effects
of cell transfer after tissue ischaemia.”>~ "¢

The significance of these experimental findings with regard to
unselected BMCs that are currently applied in clinical trials is
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uncertain. In the present study, we assessed the secretory capacity
of unselected BMCs in patients undergoing BMC therapy after
AMI. Our data show that BMCs deliver a distinct cocktail of
growth factors and cytokines into infarcted myocardium and
indicate that characterization of the BMC secretome may lead to
the identification of factors with therapeutic potential after AMI.

Methods

Patients and bone marrow cell preparation

The present study is a subinvestigation of the ongoing BOne marrOw
transfer to enhance ST-elevation infarct regeneration (BOOST) 2
trial. BOOST 2 is a randomized, placebo-controlled, multicentre trial
of intracoronary BMC transfer in patients with a first ST-segment
elevation AMI (see http:/www.controlled-trials.com/ISRCTN174574
07 for the study protocol). Unselected nucleated BMCs were pre-
pared using the same method that was used in the BOOST trial.® In
brief, bone marrow was aspirated in the late afternoon from the pos-
terior iliac crest during a brief general anaesthesia with midazolam and
etomidate, stored at 4°C overnight, and processed the next morning
by 4% gelatine-polysuccinate density gradient sedimentation according
to current GMP regulations at Cytonet Hannover. From each patient,
an aliquot of the final BMC product, corresponding to 20 mL of the
initial bone marrow aspirate, and 25 mL of heparinized venous blood
were available for research purposes. BMCs and blood samples from
15 patients were used in the present study. Per protocol, BMCs are
irradiated prior to intracoronary transfer in one-half of the patients
in the BOOST 2 trial. For the present investigation, only non-irradiated
cells were used. On average, 2.6 + 0.6 x 108 BMCs were obtained
from each patient and taken to the lab in a transfer box at ~4°C.
Erythrocytes were depleted from BMCs and blood samples by
ammonium chloride lysis. Nucleated BMCs and peripheral blood
leucocytes (PBLs) were then snap-frozen for later RNA isolation
or cultured for 24 h at 37°C in serum-free DMEM in 6-well plates
(5 x 10° cells in 2 mL per well) to obtain conditioned supernatants
(SN). SN from patients 1—6 were pooled and used for in vitro assays
(five males and one female). SN and RNA samples from patients
7-15 were used for ProteinChip and GeneChip arrays (all males).
The study was approved by the ethics committee of Hannover
Medical School. All patients provided written informed consent.

Angiogenesis assays

Human coronary artery endothelial cells were purchased from
Cambrex (Walkersville, MD, USA) and grown in endothelial cell
growth medium MCDB131 (Invitrogen, Paisley, UK) supplemented
with 10% foetal calf serum (Invitrogen) in 0.1% gelatine-coated T75
flasks. Cells from passages 3 to 7 were used. Prior to their use in func-
tional assays, endothelial cells were cultured overnight in MCDB131
containing 0.5% foetal calf serum. Endothelial cell proliferation was
measured by bromodeoxyuridine incorporation in 96-well plates
(5 x 10° cells per well). Endothelial cell migration was assessed in
Boyden chambers with 8 wm pore size (Costar, Cambridge, MA,
USA); 1 x 10° cells were added to the transwell insert. The number
of migrated cells on the lower surface of the filter was counted after
24 h. Endothelial cell tube formation was assayed in 24-well plates
(3 x 10* cells per well) coated with growth factor-reduced Matrigel
(BD Biosciences, Bedford, MA, USA); tube formation was quantified
after 6 h by phase contrast microscopy.'” Vascular cell sprouting was
assessed in an aortic ring assay, as described.’® In brief, mouse aortic
rings were embedded in growth factor-reduced Matrigel in 24-well

plates, and cultured for up to 2 weeks in MCDB131 with 1% foetal
calf serum. Cellular outgrowth was assessed by phase contrast
microscopy and expressed as maximum sprout length.'® Endothelial
cells and aortic rings were stimulated with BMC-SN and/or PBL-SN
at different concentrations. Negative controls were stimulated with
unconditioned serum-free DMEM; positive controls were stimulated
with vascular endothelial growth factor (VEGF) (10 ng/mL) or fibro-
blast growth factor (FGF) 2 (100 ng/mL).

Cardiomyocyte cell death assays

Ventricular cardiomyocytes were isolated from 1 to 3 day old
Sprague—Dawley rats by Percoll density gradient centrifugation.'
Cells were plated in gelatin-coated culture dishes in DMEM/medium
199 (4:1), supplemented with 10% horse serum, 5% foetal calf
serum, glutamine, and antibiotics. The next morning, cells were
switched to DMEM/medium 199 supplemented only with glutamine
and antibiotics (maintenance medium). Cells were exposed to simu-
lated ischaemia (4 h), or simulated ischaemia (3 h) followed by reper-
fusion (1h), as described.’®?" In brief, cells were switched from
maintenance medium to a buffer containing (in mmol/L) 137 NaCl,
12 KCl, 0.5 MgCl,, 0.9 CaCl,, 4 HEPES, 10 2-deoxy-glucose, and 20
sodium lactate (pH 6.2), and were incubated at 37°C in a hypoxia
chamber (Modular Incubator Chamber-101, Billups-Rothenberg)
flushed with 5% CO, and 95% N, (simulated ischaemia). Control
cells were cultured in a buffer containing (in mmol/L) 137 NaCl, 3.8
KCl, 0.5 MgCl,, 0.9 CaCl,, 4 HEPES, 10 glucose, and 20 pyruvate
(pH 7.4), and incubated at 37°C in an atmosphere containing 5%
CO,; and 95% room air. After various time intervals, cells were
switched back to maintenance medium and kept in 5% CO, and
95% room air at 37°C (simulated reperfusion). Cardiomyocyte necro-
sis was assessed by ethidium homodimer Il (Ethlll) staining and
Hoechst 33258 counter-staining. Ethlll-positive cells were quantified
by fluorescence microscopy.”? Apoptotic cell death was assessed by
in situ TdT-mediated dUTP nick end-labelling (TUNEL) using the
ApopTag fluorescein apoptosis detection kit from Millipore (Billerica,
MA, USA) and DAPI counter-staining. The number of TUNEL-positive
nuclei displaying condensed nuclear chromatin was determined by
fluorescence microscopy.”! As an additional measure of apoptotic
cell death, we assessed the formation of histone-associated DNA
fragments by the Cell Death Detection ELISA from Roche (Basel,
Switzerland).?' Cardiomyocytes were stimulated with BMC-SN and/or
PBL-SN at different concentrations. Negative controls were stimulated
with unconditioned serum-free DMEM; positive controls were stimu-
lated with growth differentiation factor 15 (GDF15) (20 ng/mL).

ProteinChip array

Human Cytokine ProteinChip Array C Series 2000 (Ray Biotech,
Norcross, GA, USA) membranes targeting 174 secreted factors
were incubated with 1 mL of BMC-SN or PBL-SN at room tempera-
ture for 2 h, washed, and then sequentially incubated with biotinylated
antibodies, and horseradish peroxidase-conjugated strepavidin and
detection solution according to the manufacturer’s instructions.

GeneChip array

Total RNA was isolated from BMCs and PBLs using the RNeasy Kit
from Qiagen (Hilden, Germany). RNA was biotinylated and hybridized
to Affymetrix Human Genome U133 plus 2.0 GeneChip Arrays which
allow analysis of 54 675 transcripts. All data were exported into Gene-
Spring 7.2 (Silicon Genetics, Foster City, CA, USA). Genes that were
differentially expressed at least two-fold were further analysed using
the GeneOntology freeware (http:/www.geneontology.org). Genes
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were filtered to include genes annotated with the term ‘extracellular’
and to exclude genes annotated with the terms ‘integral to membrane’,
‘nucleus’, ‘cytoplasm’, or ‘intracellular’.

Quantitative PCR

After reverse transcription (Superscript I, Invitrogen), QPCR was per-
formed using gene-specific oligonucleotide primers from Biomol
(Hamburg, Germany), and the Brilliant SideStep SYBR Green QPCR
Master Mix and Mx4000 Multiplex QPCR System from Stratagene
(Amsterdam, The Netherlands). Expression was normalized to
GAPDH mRNA expression levels.

Enzyme-linked immunosorbent assay

The concentrations of bone morphogenetic protein 2 (BMP2), dick-
kopf homolog 1 (DKK1), FGF9, and VEGF were measured by ELISA
in BMC-SN and PBL-SN using ELISA kits from R&D Systems (Wiesba-
den, Germany) and a plate reader from BioTek (Bad Friedrichshall,
Germany).

Statistical analyses

Data are presented as mean + SEM. Differences between groups were
analysed by one-way ANOVA followed by Student—Newman—Keuls
test. A two-tailed P-value <0.05 was considered to indicate statistical
significance.

Results

Patient population

Patients (14 males and one female) had a mean age of 53 + 3
years. Thirteen patients presented with an anterior or lateral
AMI and two patients with an inferior AMI. Coronary angiography,
angioplasty, and stent implantation were performed 5.9 + 0.8 h
after symptom onset. The mean time from coronary intervention
to BMC harvest was 6.5 + 0.4 days. Patient characteristics are
shown in Table 1.

Conditioned bone marrow cell
supernatants promote pro-angiogenic
effects

BMC-SN stimulated human coronary artery endothelial cell pro-
liferation (Figure 1A), migration (Figure 1B), and tube formation
(Figure 1C) in a dose-dependent manner. Moreover, BMC-SN
stimulated cell sprouting from cultured aortic rings (Figure 1D).
The pro-angiogenic effects achieved with BMC-SN in these
assays were comparable with the effects observed after stimulation
with optimum concentrations of the pro-angiogenic factors VEGF
or FGF2 (VEGF and FGF2 dose-response curves were obtained in
pilot experiments). PBL-SN promoted similar dose-dependent
effects on endothelial cell proliferation, migration, and tube for-
mation, and aortic ring cell sprouting (Figure 1A—D). Notably,
BMC-SN and PBL-SN in combination promoted synergistic
effects as shown in the cell migration and aortic ring assays
(Figure 1B and D) (in panel B, BMC-SN combined with PBL-SN,
each at a dilution of 0.5 x 10~ ", promoted greater effects when
compared with BMC-SN or PBL-SN used separately at a dilution
of 1x 107" in panel D, BMC-SN combined with PBL-SN, each
at a dilution of 1.5 x 10 % promoted greater effects when

Table | Patient characteristics

Demographics n=15
Age (years) 5343
Male gender, n 14

Myocardial infarct
Delay time (h) 59408
Infarct-related artery

LAD n=12

RCA n=2

LCX n=1

Maximum CK (U/L) 3762 + 444
Time from PCl to BMC harvest (days) 6.5+ 04

Cardiovascular risk factors
Hypertension, n 5
Hypercholesterolemia, n 6
Diabetes, n 3
Current smoking, n 6

Medication at the time of BMC harvest

Aspirin and clopidogrel, n 15
B-Blocker, n 15
ACE inhibitor/AT4 blocker, n 15
Statin, n 15

Data are presented as numbers, n or mean ( & SEM). Delay time refers to the time
from symptom onset to percutaneous coronary intervention (PCI). LAD, left
anterior descending coronary artery; LCX, left circumflex coronary artery; RCA,
right coronary artery; CK, creatine kinase; BMC, bone marrow cell.

compared with BMC-SN or PBL-SN applied separately at a dilution
of 3 x 1073,

Conditioned bone marrow cell
supernatants protect cardiomyocytes
from cell death

Four hours of simulated ischaemia induced cardiomyocyte necrosis
as shown by Ethlll staining (Figure 2A and B). Consistent with a pre-
vious study from our group,”’ the same treatment did not increase
apoptotic cell death, as indicated by TUNEL/Hoechst staining and
histone ELISA (data not shown). Simulated ischaemia for 3 h fol-
lowed by reperfusion for 1 h, however, strongly induced cardio-
myocyte apoptosis (Figure 2C—E). BMC-SN dose-dependently
protected cardiomyocytes from necrosis induced by simulated
ischaemia, and from apoptosis induced by simulated ischaemia fol-
lowed by reperfusion (Figure 2A—E). The effects were somewhat
less pronounced when compared with an optimum dose of
GDF15 which was used as a positive control.>' While PBL-SN pro-
moted similar dose-dependent cytoprotective effects in cultured
cardiomyocytes (Figure 2A, C, and E), BMC-SN and PBL-SN in com-
bination promoted synergistic effects and provided enhanced pro-
tection against cardiomyocyte necrosis and apoptosis (Figure 2A
and C) (BMC-SN combined with PBL-SN, each at a dilution of
0.5 x 1072 promoted greater effects when compared with
BMC-SN or PBL-SN used separately at a dilution of 1 x 107 ).
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Figure | Pro-angiogenic effects of bone marrow cell supernatants. Effects of conditioned bone marrow cell supernatants (BMC-SN) and
conditioned peripheral blood leucocyte supernatants (PBL-SN) on human coronary artery endothelial cell proliferation (A), migration (B),
and tube formation (C), and on cell sprouting in the mouse aortic ring assay (D). BMC-SN and PBL-SN dilution factors are indicated. VEGF
(10 ng/mL), and FGF2 (100 ng/mL) were used as positive controls. Representative phase contrast microscopy images are shown in (C and
D). Data are from n=3—6 independent experiments; *P < 0.05, **P < 0.01 vs. control (Con); *P < 0.05, *P < 0.01 vs. BMC-SN or
PBL-SN alone; %P < 0.01 BMC-SN, PBL-SN, and VEGF vs. control; %P < 0.001 (BMC-SN+PBL-SN) vs. BMC-SN, PBL-SN, and VEGF.

Bone marrow cells and peripheral blood
leucocytes express quantitatively distinct
sets of secreted factors

Postulating that secreted factors contribute to the therapeutic
effects of BMCs after intracoronary transfer, we reasoned that
factors that may be important in this regard should be expressed
more strongly in BMCs when compared with PBLs that are con-
stantly passing through the coronary vascular bed. We therefore
decided to search for and focus on secreted factors that are differ-
entially expressed by BMCs vs. PBLs.

ProteinChip arrays were used to identify factors secreted from
BMCs and PBLs in patients after AMI. Secreted factors that were
differentially expressed at least two-fold in BMC-SN vs. PBL-SN

in three independent array analyses (each investigating pooled
SN from three patients) are shown in Supplementary material
online, Table S1. Out of 174 secreted factors represented on the
ProteinChip array, 25 factors were present in higher concen-
trations in BMC-SN, and 10 factors were found in higher concen-
trations in PBL-SN. Factors secreted more strongly from BMCs
included angiogenin and VEGF, hepatocyte growth factor (HGF),
insulin-like growth factor 1 (IGF1), interleukin (IL) 10, chemokine
(C-C motif) ligand 2 (CCL2), CCL23, and CCL24, chemokine
(C-X-C motif) ligand 6 (CXCL6), CXCL12, and CXCL13, and
FGF9. Factors secreted more strongly from PBLs included placen-
tal growth factor (PIGF) and IL11.

Affymetrix GeneChip arrays were used to screen for secreted
factors expressed by BMCs and PBLs on a genome-wide scale.
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Figure 2 Cytoprotective effects of bone marrow cell supernatants. Effects of conditioned bone marrow cell supernatants (BMC-SN) and
conditioned peripheral blood leucocyte supernatants (PBL-SN) on rat ventricular cardiomyocyte death. Cells were exposed to 4 h of simulated
ischaemia (A and B) or to 3 h of simulated ischaemia followed by 1 h of reperfusion (I/R, panels C—E). BMC-SN and PBL-SN dilution factors are
indicated [10™2 in (B) and (D)]. Necrotic cell death was assessed by Ethlll staining (A and B). Apoptotic cell death was assessed by TUNEL (C
and D) and by histone ELISA (E). Representative Ethlll/Hoechst 33258 and TUNEL/DAPI stainings are shown (B and D). Growth differentiation
factor 15 (GDF15, 20 ng/mL) was used as a positive control. Data are from n= 3—6 independent experiments; *P < 0.05, **P < 0.01,
kP < 0,001 vs. ischaemia or I/R alone; #P < 0.05 vs. BMC-SN or PBL-SN alone.

Factors that were differentially expressed on the mRNA level at
least two-fold in three independent array analyses (each investi-
gating pooled RNA from 3 patients) are listed in Supplementary
material online, Table S2. Overall, 125 secreted factors were
expressed more strongly by BMCs, whereas 70 secreted factors
were expressed more strongly by PBLs. Eight BMC-overexpressed
factors were chosen for QPCR investigation. Stronger expression

in BMCs when compared with PBLs was confirmed for all eight
factors (Figure 3A), thus supporting the validity of the GeneChip
array data. Protein concentrations of four of these factors were
also measured by ELISA in BMC-SN and PBL-SN (BMP2, DKK1,
FGF9, VEGF). All of these factors were detectable in significantly
higher concentrations in BMC-SN when compared with PBL-SN
(Figure 3B).
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Figure 3 Validation of bone marrow cell-overexpressed factors. (A) Eight secreted factors that were preferentially expressed by bone
marrow cells (BMCs) when compared with peripheral blood leucocytes (PBLs) according to the GeneChip arrays were chosen for QPCR vali-
dation. Expression levels in BMCs and PBLs were measured in six patients previously included in the GeneChip analyses and three additional
patients. Data are presented as log2 transformed BMC/PBL expression ratios. (B) Concentrations of four secreted factors were determined by
ELISA in BMC- and PBL-conditioned supernatants in three patients that were included in the GeneChip analyses and three additional patients.

Means are indicated by horizontal bars. *P < 0.05, **P < 0.01.

Discussion

The mechanisms whereby unselected nucleated BMCs improve left
ventricular systolic function in patients with AMI are poorly under-
stood and difficult to explore in a clinical setting. The present study
shows that BMCs, which are currently used in cell therapy trials in
patients after AMI, secrete pro-angiogenic and cytoprotective
growth factors and cytokines, and can promote angiogenesis and
cardiomyocyte survival via paracrine effects.

Experimental studies indicate that enhanced angiogenesis and
cytoprotection may both contribute to the effects of stem and
progenitor cell therapy after myocardial infarction. Increased
angiogenesis has been postulated to improve infarct healing and
energy metabolism in the infarct border zone.> 2 Cytoprotective
effects may salvage cardiomyocytes at risk and lead to a reduction
in infarct size."”?”?8 In one clinical trial, improvements in left ven-
tricular systolic function in AMI patients undergoing intracoronary
BMC transfer have been found to be associated with improve-
ments in microvascular function and tissue perfusion in the
infarcted area.’’ Other clinical data indicate that BMC transfer,
when applied early after coronary reperfusion, may lead to a
reduction in myocardial infarct size*® Our data indicate that
such effects could be related to paracrine signalling between trans-
planted BMCs and resident endothelial cells and cardiomyocytes.
In line with this conclusion, conditioned BMC-SN obtained from
patients with advanced coronary artery disease and refractory
angina have been found to contain VEGF and CCL2 and to
stimulate the proliferation of human umbilical vein endothelial
cells in vitro.>"32

BMC-mediated paracrine effects suggest that a systematic analy-
sis of the BMC secretome may lead to the identification of (new)
cardioactive factors. Considering (i) that PBLs are constantly
passing through the coronary vascular bed of a reperfused

infarct, (ii) that PBLs have previously been found to express
several cytokines and growth factors,®® and (jii) that conditioned
PBL-SN promoted similar pro-angiogenic and cytoprotective
effects in our study, we reasoned that cytokines and growth
factors that are more strongly expressed by BMCs when compared
with PBLs may be especially important for any therapeutic effects
of BMC transfer. As shown by ProteinChip and GeneChip array
analyses, BMCs and PBLs expressed quantitatively distinct patterns
34736 and cyto-
protective paracrine factors (e.g. IGF1 and 1L11).373® Angiogenin,

of pro-angiogenic (e.g. angiogenin, VEGF, and PIGF)

VEGF, and IGF1 were secreted more strongly from BMCs,
whereas PIGF and IL11 were secreted more strongly from PBLs.
Differential expression of secreted factors provides a rationale
why BMC-SN and PBL-SN promoted synergistic, and not only
additive effects in our assays.

While our study was focused on pro-angiogenic and cytoprotec-
tive effects of BMC secreted factors, additional downstream effects
are possible. IGF1 and HGF, for example, have been shown to act
on cardiac resident stem and progenitor cells.> IGF1 also provides
survival signals to transplanted cells themselves,*® and modulates
the inflammatory response.*’*" CXCL12 (stromal cell-derived
factor 1) can promote tissue neovascularization by recruiting circu-
lating progenitor cells.** BMP2 and the canonical Wnt signalling
inhibitor DKK1 may enhance cardiomyocyte survival and wound
healing after myocardial infarction.**** As shown in our study, all
of these factors were preferentially secreted from BMCs when
compared with PBLs; in addition, several chemokines and the anti-
inflammatory cytokine IL10 were secreted more strongly from
BMCs, suggesting that BMCs may influence the inflammatory
response after AML.

Some limitations of the present study need to be acknowledged.
First, little is known about which BMC subpopulations are retained
in the infarcted area after intracoronary delivery in patients.
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We, therefore, focused on the unselected BMC preparation that
has been used in the BOOST trial and that is currently used in
BOOST 2. We have previously shown that CD34" cells are
retained more efficiently when compared with unselected BMCs
after intracoronary infusion in patients with AMI* Accordingly,
patterns of secreted factors expressed by cells that undergo intra-
coronary infusion and cells that are retained in the infarcted area
may be somewhat different. Second, it is not known which
secreted factors are produced by BMCs in the heart after intracor-
onary transfer. As recently observed after endothelial progenitor
cell transplantation in a mouse model of AMI, transplanted cells
may stimulate resident cells to produce additional secreted
factors.®® Third, secretome analyses were performed only in
male patients, and we did not assess potential gender differences
in the secretory capacity of BMCs and PBLs.

In conclusion, our study supports the paracrine hypothesis and
indicates that BMCs deliver a distinct panel of secreted factors
into the infarcted myocardium. Identification of BMC secreted car-
dioactive factors may ultimately lead to new therapeutic strategies
to positively influence infarct healing and cardiac remodelling.

Supplementary material

Supplementary Material is available at European Heart Journal
Online.

Acknowledgement

We gratefully acknowledge Robert Geffers from the Helmholtz
Centre for Infection Research (Braunschweig, Germany) for
performing the GeneChip analyses. We deeply appreciate the
support of our colleagues who are actively recruiting patients
into the BOOST 2 trial: C. Tschope and H. Schulthei3, Charite
Berlin, Germany; J. Pirr, Hannover Medical School, Germany;
T. Dengler, A. Dosch, and H. Katus, University of Heidelberg,
Germany; J. Miller-Ehmsen and E. Erdmann, University of
Cologne, Germany; V. Bonarjee, A. Larsen, and K. Dickstein,
University of Stavanger, Norway; A. May and M. Gawaz, University
of Tubingen, Germany; T. Wichter and G. Breithardt, University of
Minster, Germany; K. Bodmann and J. Tebbenjohanns, Klinikum
Hildesheim, Germany.

Conflict of interest: none declared.

Funding

This work was supported by the Deutsche Forschungsgemeinschaft
(KFO136) and by the Fondation Leducq.

References

1. Keeley EC, Hillis LD. Primary PCl for myocardial infarction with ST-segment
elevation. N Engl | Med 2007;356:47-54.

2. McMurray J], Pfeffer MA. Heart failure. Lancet 2005;365:1877—1889.

3. Wollert KC, Meyer GP, Lotz |, Ringes-Lichtenberg S, Lippolt P, Breidenbach C,
Fichtner S, Korte T, Hornig B, Messinger D, Arseniev L, Hertenstein B,
Ganser A, Drexler H. Intracoronary autologous bone-marrow cell transfer
after myocardial infarction: the BOOST randomised controlled clinical trial.
Lancet 2004;364:141-148.

4. Meyer GP, Wollert KC, Lotz ), Steffens ], Lippolt P, Fichtner S, Hecker H,
Schaefer A, Arseniev L, Hertenstein B, Ganser A, Drexler H. Intracoronary
bone marrow cell transfer after myocardial infarction: eighteen months’ follow-up

20.

21.

22.

23.

data from the randomized, controlled BOOST (BOne marrOw transfer to
enhance ST-elevation infarct regeneration) trial. Circulation 2006;113:1287—-1294.

. Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R,

Holschermann H, Yu J, Corti R, Mathey DG, Hamm CW, Suselbeck T,
Assmus B, Tonn T, Dimmeler S, Zeiher AM. Intracoronary bone marrow-derived
progenitor cells in acute myocardial infarction. N Engl | Med 2006;355:
1210-1221.

. Bartunek ], Dimmeler S, Drexler H, Fernandez-Aviles F, Galinanes M, Janssens S,

Martin J, Mathur A, Menasche P, Priori S, Strauer B, Tendera M, Wijns W,
Zeiher A. The consensus of the task force of the European Society of Cardiology
concerning the clinical investigation of the use of autologous adult stem cells for
repair of the heart. Eur Heart | 2006;27:1338—-1340.

. Wollert KC. Cell therapy for acute myocardial infarction. Curr Opin Pharmacol

2008;8:202-210.

. Orlic D, Kajstura J, Chimenti S, Jakoniuk |, Anderson SM, Li B, Pickel J, McKay R,

Nadal-Ginard B, Bodine DM, Leri A, Anversa P. Bone marrow cells regenerate
infarcted myocardium. Nature 2001;410:701—705.

. Kocher AA, Schuster MD, Szabolcs M), Takuma S, Burkhoff D, Wang |, Homma S,

Edwards NM, Itescu S. Neovascularization of ischemic myocardium by human
bone-marrow-derived angioblasts prevents cardiomyocyte apoptosis, reduces
remodeling and improves cardiac function. Nat Med 2001;7:430—-436.

. Ziegelhoeffer T, Fernandez B, Kostin S, Heil M, Voswinckel R, Helisch A,

Schaper W. Bone marrow-derived cells do not incorporate into the adult
growing vasculature. Circ Res 2004;94:230-238.

. Murry CE, Soonpaa MH, Reinecke H, Nakajima H, Nakajima HO, Rubart M,

Pasumarthi KB, Virag JI, Bartelmez SH, Poppa V, Bradford G, Dowell |D,
Williams DA, Field LJ. Haematopoietic stem cells do not transdifferentiate into
cardiac myocytes in myocardial infarcts. Nature 2004;428:664—668.

. Balsam LB, Wagers A, Christensen JL, Kofidis T, Weissman IL, Robbins RC. Hae-

matopoietic stem cells adopt mature haematopoietic fates in ischaemic myocar-
dium. Nature 2004;428:668—673.

. Fazel S, Cimini M, Chen L, Li S, Angoulvant D, Fedak P, Verma S, Weisel RD,

Keating A, Li RK. Cardioprotective c-kit+ cells are from the bone marrow and
regulate the myocardial balance of angiogenic cytokines. | Clin Invest 2006;116:
1865-1877.

. Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, Epstein SE. Marrow-

derived stromal cells express genes encoding a broad spectrum of arteriogenic
cytokines and promote in vitro and in vivo arteriogenesis through paracrine
mechanisms. Circ Res 2004;94:678—-685.

. Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu H, Noiseux N, Zhang L,

Pratt RE, Ingwall JS, Dzau V). Paracrine action accounts for marked protection
of ischemic heart by Akt-modified mesenchymal stem cells. Nat Med 2005;11:
367-368.

. Mirotsou M, Zhang Z, Deb A, Zhang L, Gnecchi M, Noiseux N, Mu H, Pachori A,

Dzau V. Secreted frizzled related protein 2 (Sfrp2) is the key Akt-mesenchymal
stem cell-released paracrine factor mediating myocardial survival and repair.
Proc Natl Acad Sci USA 2007;104:1643—1648.

. Yang S, Xin X, Zlot C, Ingle G, Fuh G, Li B, Moffat B, de Vos AM, Gerritsen ME.

Vascular endothelial cell growth factor-driven endothelial tube formation is
mediated by vascular endothelial cell growth factor receptor-2, a kinase insert
domain-containing receptor. Arterioscler Thromb Vasc Biol 2001;21:1934—1940.

. Masson V, Devy L, Grignet-Debrus C, Bernt S, Bajou K, Blacher S, Roland G,

Chang Y, Fong T, Carmeliet P, Foidart JM, Noel A. Mouse aortic ring assay: a
new approach of the molecular genetics of angiogenesis. Biol Proced Online
2002;28:24-31.

. Heineke J, Kempf T, Kraft T, Hilfiker A, Morawietz H, Scheubel R, Caroni P,

Lohmann SM, Drexler H, Wollert KC. Downregulation of cytoskeletal muscle
LIM protein by nitric oxide: impact on cardiac myocyte hypertrophy. Circulation
2003;107:1424—1432.

Stephanou A, Brar BK, Scarabelli TM, Jonassen AK, Yellon DM, Marber MS,
Knight RA, Latchman DS. Ischemia-induced STAT-1 expression and activation
play a critical role in cardiomyocyte apoptosis. | Biol Chem 2000;275:
10002—-10008.

Kempf T, Eden M, Strelau J, Naguib M, Willenbockel C, Tongers J, Heineke J,
Kotlarz D, Xu J, Molkentin D, Niessen HW, Drexler H, Wollert KC. The trans-
forming growth factor-beta superfamily member growth-differentiation factor-15
protects the heart from ischemia/reperfusion injury. Circ Res 2006;98:351-360.
Grogan SP, Aklin B, Frenz M, Brunner T, Schaffner T, Mainil-Varlet P. In vitro
model for the study of necrosis and apoptosis in native cartilage. | Pathol 2002;
198:5-13.

Kawamoto A, Tkebuchava T, Yamaguchi J, Nishimura H, Yoon YS, Milliken C,
Uchida S, Masuo O, Iwaguro H, Ma H, Hanley A, Silver M, Kearney M,
Losordo DWV, Isner JM, Asahara T. Intramyocardial transplantation of autologous
endothelial progenitor cells for therapeutic neovascularization of myocardial
ischemia. Circulation 2003;107:461—468.

202 Iudy 60 U0 1sonB Aq ££0/6/1.582/€2/62/2101E/EayINa/Wwoo"dno"oILapED.//:SARY WO PaPeojumod


http://eurheartj.oxfordjournals.org/cgi/content/full/ehn456/DC1
http://eurheartj.oxfordjournals.org/cgi/content/full/ehn456/DC1

2858

M. Korf-Klingebiel et al.

24.

25.

26.

27.

28.

29.

31.

32

33.

Yoon YS, Wecker A, Heyd L, Park |S, Tkebuchava T, Kusano K, Hanley A,
Scadova H, Qin G, Cha DH, Johnson KL, Aikawa R, Asahara T, Losordo DW.
Clonally expanded novel multipotent stem cells from human bone marrow regen-
erate myocardium after myocardial infarction. J Clin Invest 2005;115:326—-338.
Zeng L, Hu Q, Wang X, Mansoor A, Lee J, Feygin ], Zhang G, Suntharalingam P,
Boozer S, Mhashilkar A, Panetta CJ, Swingen C, Deans R, From AH, Bache R],
Verfailie CM, Zhang J. Bioenergetic and functional consequences of bone
marrow-derived multipotent progenitor cell transplantation in hearts with post-
infarction left ventricular remodeling. Circulation 2007;115:1866—1875.

Kamihata H, Matsubara H, Nishiue T, Fujiyama S, Tsutsumi Y, Ozono R, Masaki H,
Mori Y, Iba O, Tateishi E, Kosaki A, Shintani S, Murohara T, Imaizumi T, Iwasaka T.
Implantation of bone marrow mononuclear cells into ischemic myocardium
enhances collateral perfusion and regional function via side supply of angioblasts,
angiogenic ligands, and cytokines. Circulation 2001;104:1046—1052.

Uemura R, Xu M, Ahmad N, Ashraf M. Bone marrow stem cells prevent left ven-
tricular remodeling of ischemic heart through paracrine signaling. Circ Res 2006;
98:1414-1421.

Cho HJ, Lee N, Lee ]Y, Choi Y], li M, Wecker A, Jeong JO, Curry C, Qin G,
Yoon YS. Role of host tissues for sustained humoral effects after endothelial pro-
genitor cell transplantation into the ischemic heart. | Exp Med 2007;204:
3257-3269.

Erbs S, Linke A, Schachinger V, Assmus B, Thiele H, Diederich KW, Hoffmann C,
Dimmeler S, Tonn T, Hambrecht R, Zeiher AM, Schuler G. Restoration of micro-
vascular function in the infarct-related artery by intracoronary transplantation of
bone marrow progenitor cells in patients with acute myocardial infarction: the
Doppler Substudy of the Reinfusion of Enriched Progenitor Cells and Infarct
Remodeling in Acute Myocardial Infarction (REPAIR-AMI) trial. Circulation 2007;
116:366—374.

. Janssens S, Dubois C, Bogaert |, Theunissen K, Deroose C, Desmet W,

Kalantzi M, Herbots L, Sinnaeve P, Dens ], Maertens ], Rademakers F,
Dymarkowski S, Gheysens O, Van Cleemput J, Bormans G, Nuyts J, Belmans A,
Mortelmans L, Boogaerts M, Van de Werf F. Autologous bone marrow-derived
stem-cell transfer in patients with ST-segment elevation myocardial infarction:
double-blind, randomised controlled trial. Lancet 2006;367:113—121.

Fuchs S, Satler LF, Kornowski R, Okubagzi P, Weisz G, Baffour R, Waksman R,
Weissman NJ, Cerqueira M, Leon MB, Epstein SE. Catheter-based autologous
bone marrow myocardial injection in no-option patients with advanced coronary
artery disease: a feasibility study. | Am Coll Cardiol 2003;41:1721-1724.

Fuchs S, Kornowski R, Weisz G, Satler LF, Smits PC, Okubagzi P, Baffour R,
Aggarwal A, Weissman NJ, Cerqueira M, Waksman R, Serrruys P, Battler A,
Moses JW, Leon MB, Epstein SE. Safety and feasibility of transendocardial autolo-
gous bone marrow cell transplantation in patients with advanced heart disease.
Am | Cardiol 2006;97:823—-829.

Chon H, Gaillard CA, van der Meijden BB, Dijstelbloem HM, Kraaijenhagen R,
van Leenen D, Holstege FC, Joles JA, Bluyssen HA, Koomans HA, Braam B.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Broadly altered gene expression in blood leukocytes in essential hypertension
is absent during treatment. Hypertension 2004;43:947—-951.

Losordo DW, Dimmeler S. Therapeutic angiogenesis and vasculogenesis for
ischemic disease: part I: angiogenic cytokines. Circulation 2004;109:2487-2491.
Tello-Montoliu A, Patel JV, Lip GY. Angiogenin: a review of the pathophysiology
and potential clinical applications. | Thromb Haemost 2006;4:1864—1874.
Autiero M, Luttun A, Tjwa M, Carmeliet P. Placental growth factor and its recep-
tor, vascular endothelial growth factor receptor-1: novel targets for stimulation of
ischemic tissue revascularization and inhibition of angiogenic and inflammatory
disorders. | Thromb Haemost 2003;1:1356—1370.

Li Q, Li B, Wang X, Leri A, Jana KP, Liu Y, Kajstura J, Baserga R, Anversa P. Over-
expression of insulin-like growth factor-1 in mice protects from myocyte death
after infarction, attenuating ventricular dilation, wall stress, and cardiac hypertro-
phy. J Clin Invest 1997;100:1991-1999.

Kimura R, Maeda M, Arita A, Oshima Y, Obana M, Ito T, Yamamoto Y, Mohri T,
Kishimoto T, Kawase |, Fujio Y, Azuma . Identification of cardiac myocytes as the
target of interleukin 11, a cardioprotective cytokine. Cytokine 2007;38:107—-115.
Gonzalez A, Rota M, Nurzynska D, Misao Y, Tillmanns J, Ojaimi C,
Padin-lruegas ME, Miller P, Esposito G, Bearzi C, Vitale S, Dawn B,
Sanganalmath SK, Baker M, Hintze TH, Bolli R, Urbanek K, Hosoda T,
Anversa P, Kajstura |, Leri A. Activation of cardiac progenitor cells reverses the
failing heart senescent phenotype and prolongs lifespan. Circ Res 2008;102:
597-606.

Davis ME, Hsieh PC, Takahashi T, Song Q, Zhang S, Kamm RD, Grodzinsky A,
Anversa P, Lee RT. Local myocardial insulin-like growth factor 1 (IGF-1) delivery
with biotinylated peptide nanofibers improves cell therapy for myocardial infarc-
tion. Proc Natl Acad Sci USA 2006;103:8155-8160.

Santini MP, Tsao L, Monassier L, Theodoropoulos C, Carter ], Lara-Pezzi E,
Slonimsky E, Salimova E, Delafontaine P, Song YH, Bergmann M, Freund C,
Suzuki K, Rosenthal N. Enhancing repair of the mammalian heart. Circ Res 2007;
100:1732-1740.

Segers VF, Tokunou T, Higgins L), MacGillivray C, Gannon J, Lee RT. Local deliv-
ery of protease-resistant stromal cell derived factor-1 for stem cell recruitment
after myocardial infarction. Circulation 2007;116:1683—1692.

Masaki M, Izumi M, Oshima Y, Nakaoka Y, Kuroda T, Kimura R, Sugiyama S,
Terai K, Kitakaze M, Yamauchi-Takihara K, Kawase |, Hirota H. Smad1 protects
cardiomyocytes  from ischemia-reperfusion injury. Circulation 2005;111:
2752-2759.

Brade T, Manner J, Kuhl M. The role of Whnt signalling in cardiac development and
tissue remodelling in the mature heart. Cardiovasc Res 2006;72:198-209.
Hofmann M, Wollert KC, Meyer GP, Menke A, Arseniev L, Hertenstein B,
Ganser A, Knapp WH, Drexler H. Monitoring of bone marrow cell homing
into the infarcted human myocardium. Circulation 2005;111:2198—-2202.

202 Iudy 60 U0 1sonB Aq ££0/6/1.582/€2/62/2101E/EayINa/Wwoo"dno"oILapED.//:SARY WO PaPeojumod



